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Introduction
There are fundamentally several reasons why the influenza A virus is able to infect human populations and repeatedly evade the hosts' immune systems. The first reason is a high mutation rate which results from the poor fidelity of the RNA-dependent RNA polymerization and the lack of editing and repair processes. This results in the accumulation of mutations in the surface proteins of the virus that can change the antigenic properties of the virus (antigenic drift). The other mechanism of evolution of influenza relies upon the fact that the influenza A virus contains eight separate chromosomes, or segments, that encode 11 proteins. When two different influenza viruses co-infect the same host cell, new viral particles can be created, containing segments from both parental strains. This process, known as reassortment, can change the genome sequence of a virus rapidly and extensively. Such genetic reassortments between viruses infecting different hosts have been responsible for two of the three pandemics of the 20th century, the H2N2 Asian flu in 1957 and the H3N2 Hong Kong flu in 1968. Reassortment is an important evolutionary mechanism within human influenza A viruses. [1] [2] [3] [4] The influenza A virus is composed of eight segments, so that, a priori, there can be 256 possible reassortants produced from a pair of parental strains. Are all of these reassorted viruses equally likely to occur? This question was addressed in vitro by M. Lubeck, P. Palese, and J. Schulman in 1979 5 . They analyzed 40 reassortant viruses derived from A ⁄ PR ⁄ 8 ⁄ 34(H1N1) and A ⁄ HK ⁄ 8 ⁄ 68(H3N2) in the laboratory. Interestingly, they found strong correlations among the segregation of segments 1, 2, and 3, 1 and 5, and 3 and 8. This experiment had some limitations: it was not clear whether these correlations were universal, or only a property of a particular pair of influenza strains. Second, the patterns of reassortment observed in vitro, in cell culture, are not subject to immunoselection or other forces that may act in vivo or in human hosts. Understanding the patterns of reassortment of viral populations in human hosts can provide valuable information about the evolution of the influenza virus and perhaps even hints about its packaging structure.
Here, we construct a simple statistical method to estimate the likelihood that two pairs of segments from two strains have both evolved from the same parental strain (and therefore, that no reassortment has occurred). Traditionally, reassortments have been detected by constructing phylogenetic trees for the whole genome, as well as for each viral segment, and looking for strains that have segments on different branches of their respective trees (see, for instance, [1] [2] [3] [4] [6] [7] ). However, there are several problems with this approach. The structure of a phylogenetic tree depends on the method used to construct it (such as maximum parsimony, maximum likelihood, and others). Mutational biases that are known to exist in influenza replication, 8 and the possible variability of evolutionary rates over time and at different branches 9 of the tree make accurate phylogenetic analysis very challenging. While the inherent uncertainties can be overcome to some extent by validation algorithms such as bootstrapping, they will still make it difficult to detect all but the most extreme cases of reassortment. Worse, when many reassortments have occurred, it may be difficult to even construct a meaningful genome tree. Luckily, if our only goal is detecting likely reassortments, there is no need to go through the intermediate step of tree inference. Our direct approach avoids all these complications, and can be applied given the sequences of just two virus isolates. This method is completely insensitive to mutational bias and variable evolutionary rates, as long as different segments of the same strain drift at roughly the same rate. Because the uncertainties involved in phylogenetic analysis are sidestepped, we are able to detect many more reassortments than have been observed in previous work.
We apply the algorithm to two human influenza A H3N2 data sets: in 581 strains from the New York area from 1995 to 2006 and 399 strains from New Zealand from 2000 to 2005. Similar analysis can be performed for other human strains and other hosts (e.g., avian H5N1) (R. Rabadan, A.J. Levine & H. Robins, submitted for publication).
Methods
The basic idea of this method is as follows: let us consider two strains v a and v b and two of their segments s i and s j . We can compute the number of differences in nucleotide sequence between s ia and s ib and between s ja and s jb . Let us denote them as d abi and d abj . If there are no reassortments these numbers should be proportional to each other. If the two s i segments are very similar and the two s j segments are very different (with a defined low p-value), there has been a reassortment.
As an example of this method, in Figure 1 we show the pairwise third codon position Hamming distance in segment 1 versus segment 3 for 237 human H1N1 influenza strains isolated from 1977 to 2006. The red line is the best fit to these data. From these data, it is clear that the pairwise Hamming distance in segment 1 is roughly proportional to pairwise Hamming distance in segment 3, i.e., the distances are roughly equal after rescaling by the length of the segment. This is an example of genetic drift (which occurs equally among segments) with time. If instead, we take the third codon position Hamming distance in seg- Figure 3 randomized 'segments' are generated by permuting the third codon positions of segments 1 and 2 (in red). As expected, these randomized segments all lie along the diagonal creating a background or non-reassorted distribution.
There have been many estimations of the evolutionary rates in influenza, [10] [11] [12] [13] but to avoid as much as possible dealing with selection pressures, we consider only third codon positions. It has been widely reported that segments 4 and 6, that are coding for hemagglutinin (HA) and neuraminidase (NA), evolve at a higher rate than the rest of the segments. The higher evolutionary rate is mainly because of positive selection in the two proteins. HA and NA are the two viral proteins that can be found in the lipid envelope of the virion and are recognized by the host immune system. By taking into account third codon positions we factorize out the pressure of positive selection. In Figure 4 , we have represented the Hamming distance in 581 H3N2 viral sequences isolated in the State of New York between 1995 and 2006. We can observe that the evolutionary rates in third codon position of segment 1 versus segment 4 and segment 2 versus segment 4 are very similar, i.e., the points are near the slope 1 line. Interestingly enough, if we try to find the line through the origin that better fit these data, we found that has a slope smaller than one (0AE845 for segment 1 versus segment 4, and 0AE904 for segment 2 versus segment 4), i.e., the HA gene seems to evolve slightly slower than PB2 or PB1. This can be easily seen by looking at Figure 4 . This smaller rate for segment 4 versus segments 1 and 2 is probably because of the reassortment that can be seen on the right of both figures. Similar results are found in NA, suggesting that the positive selection is driving the higher evolutionary rates in these segments.
To calculate the likelihood of reassortment we perform the following steps: 1 Our null hypothesis is that given two strains A and B and two segments i and j, there is a single strain C such that C i is the common ancestor of A i and B i , and C j is the common ancestor of A j and B j . 2 We assume that third codon positions evolve at the same average rate and therefore sample from a common distribution in all segments. Then, the probability of observing d abi and d abj follows the hypergeometric distribution:
The p-value of observing a difference of no more than d 1 will be the cumulative hypergeometric distribution. Here L 1 and L 2 are the lengths of the two segments in amino acid space (i.e., the counts of third codon positions). How accurate is the assumption that all segments evolve at the same average rate? Using sequence data from the two databases, we have performed pairwise segment comparisons as in Figure 1 to estimate the ratios between their evolutionary rates. For segments 1-6 we obtain values close to one. Segments 7 and 8 have a relatively higher proportion of conserved sites and evolve at somewhat slower rates. For these segments, we have rescaled the effective length L by a correction factor to account for the slower rate of drift. This is in part because of the fact that these segments have two open reading frames that overlap. We verified that correcting effective segment lengths by factors of 0AE8-1AE2 resulted in mild changes to the p-values which did not affect the results in Table 1 .
3 To account for population structure, we use the initial, or raw, p-value obtained above as a statistic. We create a randomized background population with the same structure by randomly permuting the third codon positions between the two segments, using the same permutation in each strain. We use the distribution of raw p-values from this permuted population as a background distribution from which we compute the true p-value for the raw p-value statistic.
4 Deviations from the null hypothesis are reflected in lower p-values. One has to correct for multiple hypotheses. We take a Bonferroni correction as a conservative first approximation. This will eliminate false-positives. 5 Consistency condition: the procedure can be repeated with every pair of segments and one can check if the result is consistent: if i and j have not reassorted and j and k have not reassorted then i and k have not reassorted.
Results
To illustrate the application of the method, let us consider the following example. Note: for every pair of segments an index 0 or 1 is adopted:
• 0 means that two segments come from the same distribution, i.e., there was no reassortment.
• 1 means that one of the two segments reassorted. Example: We can extract the cases involving a few reassortments, most of them singletons in the database, by taking pairs of sequences close to each other in Hamming space and demanding a p-value below the Bonferroni bound. In the following table, we summarize the different independent reassortment events that we detected in the NY and NZ databases.
Under these strict limits, we observe a lower bound on the reassortment rate of around 2-3 reassortments per year. These include only the reassortments detected between closely related sequences that for the most part were not fixed in the viral population. That means that the true reassortment rate is considerably higher than this lower bound. 
Conclusions
We propose a method to detect reassortments in influenza virus populations based on the comparison between different segments of influenza viruses. It is a simple method to quickly check if a sequence from a new virus is a reassortment in relation to the ones that are already present in public databases. Two different databases were analyzed: 581 H3N2 strains from the New York area from 1995 to 2006 and 399 H3N2 strains from New Zealand from 2000 to 2005 (see Appendix 1 for a list of the sequences used in this study). From the reassortments found involving closely related sequences, one can estimate a lower bound on the reassortment rate of 2-3 events per year. We emphasize that the true reassortment rate is likely to be much higher.
There are several questions that can now be asked about the reassortments of human influenza A viruses:
• How many segments are expected to reassort? If reassortment is random we would expect a binomial distribution. It is evident from Table 1 that many reassortments involve only one segment. How significant is this? If all the reassortments are equally probable (null hypothesis) we expect that the probability of having only one segment is P = 16 ⁄ 256 (there is a factor of two because of the symmetry between the two strains). The cumulative probability that 11 of the 31 reassortments involve only one segment is P = 1AE5 · 10 )8 . Similarly, as we have no reassortments involving four segments we can compute the cumulative binomial P = 5AE0 · 10
. We conclude that reassortments in vivo preferentially involve only one segment. A similar bias is observed from the results obtained in vitro (in cell culture) of Ref. 5 , with P = 6AE7 · 10 )4 .
• What segments are most likely to reassort? From Table 1 we can see that segments 6 and 4 are the most frequent reassortants. A similar result can be obtained from the in vitro data of Ref. 5, where segments 4, 6, and 7 are often involved in reassortments.
• What are the most likely combinations of segments that reassort? There are some clear trends, for instance the 4, 6, and 7 combination appears three times (P = 3AE7 · 10 )8 ).
The same trend appears in vitro in Ref. 5 . Because the segments 4 and 6 encode for the HA and the NA proteins, and 
these are found on the surface of the virus eliciting an immunological response from the host, it could be supposed that the frequency of detecting reassortments involving segments 4 and 6 is a result of selection. Although there might be some truth to this explanation, reassortments of these segments were also found to occur preferentially in vitro or in cell culture in the absence of immunoselection. This brings up the interesting possibility that the mechanisms involved in packaging these two subunits result in a greater rate of reassortment of segments 4 and 6. It is tempting to speculate that the virus has adopted a chromosome packaging structure that optimizes its chances of evading host immunity by preferentially enabling reassortments involving the two immunogenic segments (HA and NA).
14 Perhaps, the most likely explanation for the other patterns of reassortment detected here and previously (e.g., segments 4, 6, and 7) is packaging bias. If, for example, some viral segments contact (hybridize) each other via RNA-RNA interactions during the virion packaging process, then they may be more likely to reassort together. This hypothesis is consistent with the similarity between the patterns observed in vivo and in vitro. 
